Abstract Endoplasmic reticulum (ER) stress is a key factor contributing to fibrotic disease. Although ER stress is a shortterm adaptive response, with chronic stimulation, it can activate pathways leading to fibrosis. ER stress can induce TGF-β signaling, a central driver of extracellular matrix production in fibrosis. This review will discuss the role of an ER protein, calreticulin (CRT), which has both chaperone and calcium regulatory functions, in fibrosis. CRT expression is upregulated in multiple different fibrotic diseases. The roles of CRT in regulation of fibronectin extracellular matrix assembly, extracellular matrix transcription, and collagen secretion and processing into the extracellular matrix will be discussed. Evidence for the importance of CRT in ER calcium release and NFAT activation downstream of TGF-β signaling will be presented. Finally, we will summarize evidence from animal models in which CRT expression is genetically reduced or experimentally downregulated in targeted tissues of adult animals and discuss how these models define a key role for CRT in fibrotic diseases.
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Link between ER stress and fibrosis
An increasing body of literature suggests a prominent role for endoplasmic reticulum (ER) stress in a variety of fibrotic diseases. The ER is the intracellular organelle that ensures proper folding and secretion of nascent proteins into functional forms and is crucial for cell survival (Malhotra and Kaufman 2007) . Several factors, both physiological and pathological, can impair ER homeostasis and its capacity to properly fold proteins, resulting in ER stress. These conditions include hyperglycemia, nutrient deprivation, aging, viral infection, changes in redox and ionic conditions of the ER such as calcium depletion, gene mutations that alter the proper functioning of the ER, and environmental factors such as exposure to cigarette smoke (Kinnula et al. 2005; Kitamura 2008; Lindenmeyer et al. 2008; Pereira et al. 2006; Tanjore et al. 2013) . In diabetes for instance, diabetic complications such as atherosclerosis and diabetic nephropathy have been linked to ER stress (Cybulsky 2010; Kurokawa et al. 2009; Lindenmeyer et al. 2008; Tabas 2010) . ER stress is induced by multiple factors in the diabetic milieu such as hyperglycemia, oxidative stress, proteinuria and advanced glycation end products (Kitamura 2008; Lenna and Trojanowska 2012; Lindenmeyer et al. 2008; Tanjore et al. 2013 ). The cell engages protective mechanisms, collectively referred to as the unfolded protein response (UPR), to restore and/or maintain homeostasis (Ron and Walter 2007) . These adaptive mechanisms help the cell cope with ER stress. Prolonged ER stress conditions often result in cellular dysfunction and cell death when the protein load on the ER far exceeds its folding capacity. There are three major transmembrane proteins that act as stress sensors and govern UPR signaling pathways in mammals: inositol-requiring protein 1 (IRE1), protein kinase RNA (PKR)-like ER kinase (PERK) and activating transcription factor 6 (ATF6) (Haze et al. 1999; Ron and Walter 2007; Walter and Ron 2011) . These proteins generally sense the abnormal conditions in the ER lumen and relay this information across the ER membrane to the nucleus. Under normal, unstressed homeostatic conditions, the three sensor proteins are maintained in an inactive state via binding to the molecular chaperone, GRP78 (Bertolotti et al. 2000) . Under stressed conditions, there is an accumulation of unfolded proteins in the ER and GRP78 disassociates from the UPR protein sensors, IRE1, ATF6, and PERK, followed by activation of these UPR pathways which protect the cell from ER stress (Grootjans et al. 2016; Tanjore et al. 2013) .
Over the past decade, evidence has accumulated to establish that ER stress is an underlying factor a s s o c i a t e d w i t h f i b r o t i c d i s e a s e s ( L e n n a a n d Trojanowska 2012; Tanjore et al. 2013) . The molecular mechanisms linking chronic ER stress and fibrosis are not completely understood and our current understanding suggests that ER stress facilitates fibrotic remodeling through multiple mechanisms, including activating pro-apoptotic signaling pathways, inducing epithelial to mesenchymal transition (EMT), and by enhancing production of the extracellular matrix (ECM) (Tanjore et al. 2013; Willis et al. 2005; Zhang et al. 2017) . It is likely that the relative contribution of each mechanism will vary depending on the tissue, the microenvironmental milieu and the initial stimuli that induce ER stress.
Apoptosis is a well-characterized mechanism linking ER stress to fibrosis. When ER stress is severe and chronic, the UPR-mediated quality control measures to correct defective protein folding fail, resulting in the activation of several apoptotic pathways Rutkowski and Kaufman 2007) . ER stressinduced apoptosis has been demonstrated in models of pulmonary and renal fibrosis in which there is apoptotic death of key epithelial cell types in these organs (Chiang et al. 2011; Lawson et al. 2008; Tanjore et al. 2013) . IRE1α, which is a major UPR signaling molecule that determines the fate of cells under stress conditions, promotes apoptosis by mediating activation of downstream stress kinases such as JNK and p38 MAPK (Ron and Hubbard 2008) . Like IRE1α, sustained activation of PERK pathways also induces proapoptotic pathways. PERK phosphorylates the eukaryotic translation initiation factor eIF2α, resulting in increased expression of proapoptotic UPR target molecules, growth arrest, and DNA damage-inducible 34 (GADD34) and transcription factor C/EBP homologous protein (CHOP) via activating transcription factor 4, ATF4 . Fluctuations in ER Ca 2+ have also been shown to play a role in ER stress-associated cell death by activating pro-apoptotic signaling pathways, mainly by Ca 2+ -mediated mitochondrial cell death (Rizzuto et al. 1998) . ER membrane re-organization and the mitogen-activated protein kinase kinase kinase 1 ( M E K K 1 ) s i g n a l i n g p a t h w a y a r e o t h e r U P Rindependent mechanisms that can induce apoptosis Varadarajan et al. 2012) .
Although there is a clear role for ER stress-induced alveolar epithelial cell apoptosis in lung fibrosis (Gunther et al. 2003; Kamp et al. 2013; Kuwano 2008; Plataki et al. 2005) , ER stress is also associated with fibrotic sequelae in diseases in which apoptosis is not the primary initiating event, such as fibroproliferative vascular remodeling in diabetes (Baek et al. 2012; Tanaka et al. 2012) . These data suggest that ER stress also directly impacts cellular responses of mesenchymal cells to injury. Several lines of evidence show that ER-stress induces EMT, along with recruitment and differentiation of fibrocytes Willis et al. 2005; Wynn and Ramalingam 2012 ). An association between ER stress and cell plasticity was first confirmed in thyroid epithelial cells in which ER stress induced by tunicamycin was shown to trigger EMT (Ulianich et al. 2008) . In pathological conditions, ER stress has also been demonstrated to induce EMT in lung, kidney, and liver cells Willis et al. 2005) . The pro-fibrotic cytokine, transforming growth factor-β (TGF-β), is a major driver of EMT and there is emerging evidence to show that components of the ER stress response can regulate TGF-β signaling (Sato et al. 2003; Willis and Borok 2007; Willis et al. 2005) . For example, knockdown of the chaperone GRP78 reduces TGF-β or tunicamycinstimulated collagen and α-smooth muscle actin production in human lung fibroblasts (Baek et al. 2012) . In addition, the ER stress protein, 150-kDa oxygen-regulated protein (ORP150), mediates TGF-β-driven myofibroblast induction and collagen production in human lung fibroblasts . The mechanisms by which GRP78 and ORP150 mediate responses to TGF-β have not been addressed. Furthermore, data show that the ER chaperone and calcium regulatory protein, calreticulin (CRT), plays a significant role in fibrotic remodeling through multiple mechanisms, including regulation of EMT, cell apoptosis and migration, and via regulation of TGF-β-stimulated ECM production (Kypreou et al. 2008; Papp et al. 2007; Prakoura et al. 2013; Tanjore et al. 2011; Van Duyn Graham et al. 2010; Wu et al. 2017; Zimmerman et al. 2013) . Interestingly, CRT mediates TGF-β-dependent transcriptional responses through its role as a regulator of calcium signaling, rather than through its chaperone/UPR function, suggesting a unique role for CRT in the ER stress response.
Due to the pivotal role that ER stress plays in the pathogenesis of fibrotic diseases, therapeutic approaches that target the ER and UPR are being explored. Chemical chaperones such as 4-phenylbutyrate (4-PBA) and tauroursodeoxycholic acid (TUDCA), which enhance the protein folding capacity and function of ER, help alleviate fibrosis of the liver, lung and heart (Ayala et al. 2012; Baek et al. 2012; Groenendyk et al. 2016; Omura et al. 2013; Wang et al. 2013 ). Liu et al. recently reported that 4-PBA ameliorates ER stress-induced renal tubular cell apoptosis and renal fibrosis by acting as an ER chaperone (Liu et al. 2016) . Using a mouse model of heart failure with increased CRT expression, Groenendyk et al. recently showed that blocking activation of the transiently activated UPR pathway by TUDCA is sufficient to prevent cardiac fibrosis and improves prognosis (Groenendyk et al. 2016) . Valproate, a histone deacetylation enzyme, was recently shown to attenuate renal injury in a rat model by relieving ER stress and decreasing renal cell apoptosis (Sun et al. 2016) . Oleanolic acid and the antioxidant, N-acetylcysteine, were also recently demonstrated to ameliorate diabetic nephropathy by reducing oxidative stress and ER stress in a type 2 diabetic rat model ).
Introduction to calreticulin
Calreticulin (CRT), (Calr), is a 46 kDa Ca 2+ -binding chaperone, which has multi-faceted roles in diverse cellular functions. CRT is composed of three distinct domains: a lectin-binding N domain, a proline-rich high affinity, low capacity calcium-binding P domain, and a C-terminal domain comprised of multiple acidic residues. The N and P domains of CRT combine to mediate the lectin binding and chaperone functions of CRT, whereas the C domain is responsible for its Ca 2+ buffering functions through high capacity Ca 2+ binding (Baksh and Michalak 1991; Kapoor et al. 2004; Leach et al. 2002) . The C-terminal domain of CRT also contains the KDEL ER retention sequence (Smith and Koch 1989) . CRT has multiple cellular functions, both in the context of its ER functions in the UPR and in regulating ER calcium storage and release, and also as a protein localized to the cell surface, where it plays critical roles in cell adhesion and migration, wound healing, apoptotic clearance of cells, and anti-tumor responses (Gold et al. 2010; Groenendyk et al. 2004) . CRT protein expression is increased by conditions that induce ER stress, such as amino acid deprivation, ER Ca 2+ depletion, oxidative stress, heat shock, high glucose, and also by factors associated with fibrotic disease (Conway et al. 1995; Heal and McGivan 1998; Jethmalani and Henle 1998; Kurokawa et al. 2009; Llewellyn et al. 1995; Nguyen et al. 1996; Wu et al. 2007 ).
Role of CRT in unfolded protein response/ER stress
In the ER, CRT acts as a molecular chaperone that ensures proper folding and functioning of proteins. CRT, together with its 90 kDa ER integral membrane protein homologue, calnexin, and ERp57 (ER protein of 57 kDa) constitute the CRT/calnexin cycle, which is involved in chaperoning of nascent polypeptides that are transported across the ER. CRT and calnexin constitute the ER lectin chaperones, which recognize and ensure that specific glycoproteins and polypeptides are properly folded (Hebert and Molinari 2007; Helenius and Aebi 2001; Saito et al. 1999; Spiro et al. 1996) . This mechanism not only ensures that proteins are properly folded, but also prevents secretion and transport of misfolded proteins and prevents aggregation of proteins that can be detrimental to the cell. Prolonged interaction with calnexin, however, results in the proteins being targeted for degradation (Hebert and Molinari 2007) .
Role of CRT in regulating release of calcium from ER and activation of downstream signaling (calcineurin/NFAT) ER CRT has important roles in regulating intracellular Ca 2+ homeostasis, acting as both a molecular sensor and a buffer of Ca 2+ in the ER lumen. CRT was first identified as a Ca 2+ -binding protein of the muscle sarcoplasmic reticulum (Ostwald and MacLennan 1974) . It later became clear that CRT is not just limited to muscle tissues, but is also found abundantly in non-muscle tissues as one of the major Ca 2+ -binding proteins of the ER (Michalak et al. 1992 -dependent signaling via calcineurin and the transcription factor, nuclear factor of activated T cells (NFAT) Michalak et al. 2009 ). Calcium activates calmodulin to activate the phosphatase calcineurin, which then dephosphorylates NFAT, permitting nuclear translocation of activated NFAT for transcriptional regulation (Crabtree 2001; Gooch et al. 2004; Groenendyk et al. 2004 (Groenendyk et al. 2004; Mery et al. 1996) . Impaired ER Ca 2+ release in CRTdeficient cells results in defects in downstream Ca 2+ /calcineurin signaling with decreased NFAT nuclear translocation (Lynch et al. 2005; Mesaeli et al. 1999) . CRT-deficient mice die during embryogenesis due to impaired cardiac development (Guo et al. 2002; Lynch et al. 2005; Mesaeli et al. 1999) . CRT-deficient mice can be rescued from embryonic lethality if calcineurin is constitutively activated during development, indicating the importance of CRT's role in regulating ER Ca 2+ release and downstream calcineurin/NFAT signaling (Guo et al. 2002; Lynch and Michalak 2003; Mesaeli et al. 1999) .
Cell surface/extracellular CRT and wound healing
Interestingly, CRT has a number of extracellular functions, particularly in cell adhesion, migration and phagocytosis of apoptotic cells (Gold et al. 2010 ). Although it is not clear how CRT is transported from the ER to the cell surface (Tarr et al. 2010) , CRT is found on the surface of many mammalian cells including fibroblasts, endothelial cells and platelets (Gardai et al. 2005; Goicoechea et al. 2000; Gray et al. 1995; Orr et al. 2003b) . One prominent role of cell surface calreticulin is its involvement in focal adhesion disassembly and cell migration induced by heparin binding peptides from the Nterminal domain of thrombospondin 1 (TSP-1) (Goicoechea et al. 2000; Orr et al. 2003a ). The TSP binding site in CRT that mediates TSP signaling is located in the N-terminus of CRT at amino acid positions 19-36 (Goicoechea et al. 2002) . TSP-1 binding to CRT on the cell surface activates signaling cascades that trigger the activation of phosphoinositide-3 kinase (PI3K) and ERK as well as guanine nucleotide-binding protein to promote the cytoskeletal changes associated with focal adhesion disassembly (Murphy-Ullrich 2001; Orr et al. 2002; Orr et al. 2003b ). Low-density lipoprotein (LDL)-receptor-related protein 1 (LRP1) has been identified as the co-receptor of CRT that mediates TSP-1-stimulated deadhesion and TSP-1 binding to CRT enhances CRT-LRP-1 association (Orr et al. 2003b; Yan et al. 2010) .
TSP-1 signaling through the CRT-LRP1 receptor also protects cells from anoikis (apoptotic cell death due to loss of cell adhesion) and increases cell survival of fibroblasts under adhesion-independent conditions by down-regulating apoptotic signaling and stimulating pro-survival Akt signaling (Pallero et al. 2008) . Recent studies also identified the CRT binding site of TSP1 as a mediator of collagen expression and deposition via a TGF-β-independent, Akt-dependent signaling pathway during tissue remodeling . Together these studies established a role for cell surface CRT in regulating cell adhesion and migration, cell survival, and collagen ECM production and showed that ligand binding to CRT can induce intracellular signaling through stimulation of CRT interactions with its transmembrane co-receptor LRP-1. Furthermore, these data suggest an important role for CRT and TSP-1 in tissue remodeling in response to injury.
Additional in vitro and animal studies provided further evidence for cells surface or exogenous CRT in mediating tissue responses to injury. Gray et al., were the first to show that cell surface CRT binds to the Bβ chain of fibrinogen, mediating its mitogenic activity (Gray et al. 1995) . In wound healing studies using recombinant CRT, it was shown that topical application of CRT to porcine excisional wounds accelerates wound healing by increasing the rate of wound reepithelialization and granulation tissue formation (Nanney et al. 2008) . CRT-treated wounds showed a significant increase in TGF-β-3 in the dermis, which is thought to control wound healing by regulating migration of epidermal and dermal cells in injured skin (Bandyopadhyay et al. 2006) . CRT-treated wounds also showed an increase in proliferating basal keratinocytes and cells of the neodermis. Consistent with these in vivo observations, in vitro studies also demonstrated that CRT stimulates proliferation and migration of cells that are crucial to both wound remodeling and resurfacing (Nanney et al. 2008) . Exogenous CRT increases in vitro cell migration, proliferation, growth factor production, and the uptake of apoptotic cells by macrophages, functions shown to be lacking in chronic diabetic wound healing (Brem and Tomic-Canic 2007; Ochoa et al. 2007 ). Furthermore, topical application of CRT also improved the rate and quality of regenerative wound healing in diabetic animal models with reduced scarring and actual restoration of hair growth in these mice (Greives et al. 2012 ). Thus, CRT could have therapeutic potential for chronic non-healing wounds.
Calreticulin and regulation of ECM assembly and production
In addition to its roles at the cell surface in stimulating tissue remodeling, CRT in the ER compartment is emerging as an important factor in fibrotic remodeling. As will be discussed, intracellular CRT drives fibrotic responses through multiple mechanisms, including regulation of ECM production and assembly and TGF-β-induced ECM transcription and EMT (Fig. 1) .
Regulation of fibronectin matrix assembly
It is well established that CRT regulates cellular processes that lead to ECM assembly and production. CRT's role in Ca 2+ regulation affects the expression of fibronectin in fibroblasts. CRT expression correlates with transcription and expression of fibronectin as well as cell adhesion to fibronectin and fibronectin matrix deposition Papp et al. 2008; Szabo et al. 2007; Van Duyn Graham et al. 2010) . Cell spreading and the formation of focal adhesions correlate with ER CRT expression (Fadel et al. 1999) . Increased focal contact formation and a more robust stress fiber-containing actin cytoskeleton are observed in CRT-overexpressing cells. Cells that underexpress CRT on the other hand are poorly spread and have very few focal contacts and no stress fibers ). These effects of CRT occur via a pathway that is modulated by c-Src, an important regulator of focal adhesion turnover. c-Src activity inversely correlates with CRT expression. c-Src activity increased in cells that underexpress CRT and importantly, the activity of c-Src was found to be sensitive to the release of Ca 2+ from the ER ). The use of thapsigargin to decrease ER Ca 2+ levels resulted in decreased fibronectin protein expression and deposition in the ECM. Inhibition of c-Src also rescued the poorly adhesive phenotype of cells that Fig. 1 Model of CRT regulation of TGF-β-stimulated ECM production in fibrosis. Factors such as high glucose, nutrient deprivation, and oxidative stress trigger ER stress. ER stress increases CRT levels. In turn, CRT mediates Ca 2+ release from the ER, resulting in an increase in cytosolic Ca 2+ , which stimulates increased calcineurin activity and NFAT dephosphorylation and nuclear translocation. Importantly, TGF-β stimulates increased cytosolic Ca 2+ in a CRT-dependent manner: CRT is required for TGF-β stimulation of fibronectin and collagen I transcription through NFAT. In addition, ER CRT stimulates cell adhesion and fibronectin matrix assembly, and acts as a collagen chaperone assisting in collagen secretion and procollagen processing into the ECM. Furthermore, CRT is important for TGF-β stimulated EMT. These actions of CRT are thought to underlie its role in fibrogenesis underexpress CRT by forming more focal contacts and depositing a fibronectin matrix ).
Regulation of collagen I trafficking, extracellular processing, and assembly into ECM
The synthesis and deposition of collagen are regulated at multiple levels, ranging from its transcription to degradation. Our laboratory demonstrated that CRT plays an important role in regulating multiple stages of collagen expression, processing and deposition into the ECM . We showed that CRT-deficient MEFs have reduced levels of fibrillar collagen I and III and decreased soluble collagen as compared to wild type MEFs. Accordingly, MEFs that overexpress CRT have increased collagen I RNA and protein expression. Levels of other ECM proteins, such as fibronectin, were similarly regulated by CRT expression. Both protein and transcript levels of collagens and fibronectin differed with CRT expression. Collagen expression was demonstrated to be regulated by ER Ca 2+ levels and intracellular CRT, because treatment of cells with thapsigargan resulted in a decrease in collagen expression and exogenous recombinant CRT was unable to rescue CRT-deficient MEFs. This latter finding differs from the direct effects of topically applied CRT in wound healing and fibroblast migration studies and could reflect concentration dependent or cell type specific responses to exogenous CRT (Greives et al. 2012; Van Duyn Graham et al. 2010) . CRT was also found to be crucial for trafficking of collagen through the ER: ER retention of collagen in CRT-deficient MEFS could be rescued by ascorbic acid treatment. Collagen and CRT were co-immunoprecipitated from wildtype cells, indicating that CRT is a chaperone for type I procollagen. Interestingly, these defects in collagen secretion in the absence of CRT occur in cells with normal levels of other collagen chaperones such as HSP47 and prolyl-4 hydroxylase. Processing of the C-terminal propeptide of type I procollagen was also reduced in the absence of CRT suggesting that perhaps other collagen processing enzymes are affected by the lack of CRT. CRTdeficient MEFs had reduced deposition of type I collagen into the ECM: this is likely due to deficient fibronectin matrix formation in the absence of CRT as discussed above, as it is well established that fibronectin matrix formation is required for subsequent collagen assembly into the ECM Van Duyn Graham et al. 2010 ).
Regulation of TGF-β signaling through regulation of ER calcium/calcineurin/NFAT TGF-β is a major trigger of ECM production, particularly in fibrotic diseases. TGF-β stimulation of downstream fibrotic events occurs primarily through Smad 2/3-dependent pathways (Jayaraman and Massague 2000; Roberts 1998; Wrana 2000) . However, it is less well appreciated that TGF-β can trigger increased cytosolic Ca 2+ accumulation (Alevizopoulos et al. 1997; Ishiyama et al. 1996; Junn et al. 2000; McGowan et al. 2002) . It is well established that TGF-β can activate signaling downstream of increased cytosolic Ca 2+ , including activation of calcineurin and resultant NFAT dephosphorylation, which has been linked to increased fibronectin and collagen type I production in renal mesangial cells (Cobbs and Gooch 2007; Gooch et al. 2004) .
CRT can regulate TGF-β-stimulated collagen production in different cell types including mouse embryonic and human lung fibroblasts, vascular smooth muscle cells, and renal tubular epithelial cells (Zimmerman et al. 2013 (Zimmerman et al. , 2015 . Our laboratory showed that CRT regulation of cytosolic Ca 2+ and NFAT activity is critical for TGF-β stimulation of collagen type I and fibronectin transcripts (Zimmerman et al. 2013) . A decrease in CRT expression, either in genetically-deficient MEFs or by siRNA-mediated knockdown, abrogates the responsiveness of cells to TGF-β stimulation even in the presence of active Smad 2/3 signaling. Interestingly, CRTdeficient MEFs failed to increase intracellular Ca 2+ levels in response to TGF-β, suggesting that CRT plays a critical role in mediating TGF-β-dependent gene transcription through control of Ca 2+ release from the ER into the cytosol, potentially impacting the calcineurin/NFAT pathway (Zimmerman et al. 2013) . Consistent with this idea, TGF-β stimulation of NFAT nuclear translocation and reporter activity was impaired in CRT-deficient MEFs. Importantly, CRT was demonstrated to be essential for TGF-β stimulation of ECM under conditions of ER stress, since tunicamycin-induced ER stress was not sufficient to induce ECM production in TGF-β stimulated CRT-deficient MEFs (Zimmerman et al. 2013 ). This study shows that CRT is required for TGF-β-stimulated ECM production and identifies CRT-regulated Ca 2+ -dependent pathways as a mechanistic link between ER stress and fibrosis (Zimmerman et al. 2013) .
Furthermore, recent work underscores the critical role CRT plays in TGF-β signaling in embryonic stem cell differentiation (Karimzadeh and Opas 2017) . Using embryoid bodies derived from wild-type and CRT-null embryonic stem cells, they demonstrated that CRT promotes TGFβ-induced EMT via AKT/GSK3β during cardiac differentiation. Regulated Ca 2+ signaling between CRT and calcineurin was shown to be critical for the TGF-β-mediated cadherin switch during EMT and the exit from pluripotency. A recent study also shows the importance of CRT-dependent Ca 2+ regulation in TGF-β stimulated EMT of A549 lung epithelial cells .
Calreticulin is a factor in fibrotic disease through regulation of events downstream of TGF-β There is accumulating evidence that CRT plays a critical role in fibrosis and that its expression is associated with fibrotic conditions such as renal, lung, and cardiac fibrosis, as well as, atherosclerosis (Gold et al. 2010; Groenendyk et al. 2016; Kurokawa et al. 2009; Kypreou et al. 2008; Prakoura et al. 2013) . CRT overexpression induces EMT in Madin-Darby canine kidney (MDCK) cells via altered calcium homeostasis and regulation of the EMT transcription factor, Slug (Hayashida et al. 2006; Ihara et al. 2011) . CRT overexpression in HK-2 cells downregulates epithelial markers and enhances fibronectin and collagen IV expression (Prakoura et al. 2013 ).
Several models have been used to demonstrate the important role CRT plays in the pathological events that lead to fibrosis. Charonis and his colleagues were the first to show that CRT is involved in the fibrotic process. CRT was identified to be one of the proteins that is consistently up-regulated in the early stages of fibrosis in an in vivo model of lung fibrosis and in cultured human proximal tubule epithelial cells (Kypreou et al. 2008) . In this study, TGF-β1 was found to be an upstream regulator of CRT overexpression (Kypreou et al. 2008) . Using both in vitro and in vivo approaches to study the role of CRT in the development and progression of tubulointerstitial fibrosis, Prakoura et al. showed that CRT overexpression induced the acquisition of a pro-fibrotic phenotype in tubular epithelial cells (Prakoura et al. 2013) . These cells acquired a more mesenchymal phenotype, indicative of the early phase of EMT, exhibited aberrant ECM production, and showed increased ER stress and apoptosis. Consistent with these observations, a decrease in CRT expression suppressed the development of tubulointerstitial fibrosis in a model of unilateral ureteric obstruction (UUO) in CRT heterozygous mice. Collagen accumulation was significantly reduced in the kidneys of the CRT heterozygous mice. There was a decrease in TGF-β1 and the transcripts of the profibrotic genes Col1a1, Col3a1, Col4a1 and fibronectin in the heterozygous mice, indicating that decreased CRT expression affects ECM deposition during the progression of fibrosis (Prakoura et al. 2013) . These findings show that CRT is a major player in the molecular mechanisms that drive the progression of renal fibrosis.
Recent studies by our laboratory established an important role for CRT in mediating vascular responses to injury in a mouse carotid artery ligation model of acute vascular injury through the regulation of neointima formation and collagen deposition. TGF-β is known to be important for the fibroproliferative changes in vascular remodeling in response to vascular injury (Kanzaki et al. 1995; Majesky et al. 1991; Nabel et al. 1993) . Knockdown of CRT in vascular smooth muscle cells isolated from Calr-floxed mice using crerecombinase plasmid attenuates type I collagen production in TGF-β stimulated cells (Zimmerman et al. 2015) . The NFAT inhibitor, 11R-VIVIT, also attenuates TGF-β stimulation of collagen, similar to findings in the MEFs. Following acute vascular injury induced by carotid artery ligation, we observed an increase in immunostaining for CRT in the neointimal regions and increased collagen deposition. To assess the role of CRT in neointima formation, we took advantage of newly available calr floxed mice to perform tissuespecific knockdown of CRT (Tokuhiro et al. 2015) . Using ultrasound targeted to the carotid artery, we induced local sonoporation of Cre-recombinase-IRES-GFP plasmid with microbubbles to the carotid arteries of CRT-floxed mice to specifically knock down CRT expression in this tissue. As calr-deficient mice are embryonic lethal, it had not been possible previously to address the in vivo role of conditional calr knockdown in disease models in adult animals. Reduced CRT expression in the carotid artery significantly attenuated neointima formation and collagen deposition following carotid artery ligation (Zimmerman et al. 2015) . In contrast, CRT knockdown had no demonstrable effect on vascular smooth muscle cell proliferation. This study identifies CRT as an important mediator of fibrotic vascular remodeling. Similar studies are ongoing in models of diabetic renal disease, another fibrotic condition in which TGF-β plays a critical role in fibrotic remodeling.
Concluding thoughts
Cellular stress response is an essential adaptive feature of normal cell physiology and is necessary to maintain cellular homeostasis. It has recently become well appreciated that ER stress-induced cellular dysfunction is directly involved in promoting fibrotic and vascular fibroproliferative diseases (Khan et al. 2009; Korfei et al. 2008; Kurokawa et al. 2009; Lawson et al. 2011; Tanjore et al. 2011) .
Several studies have documented an association between ER stress and CRT expression, as well as, the pro-fibrotic effects of CRT in different disease models. CRT affects ECM production and deposition and also cellular responses to the ECM. Accumulating evidence implicates CRT as a key player in the pathological processes leading to fibrosis, making CRT an attractive target for therapeutic intervention.
It is important to note that moderate alterations of CRT have a significant impact on the ability of TGF-β to induce ECM gene expression. Partial knockdown of CRT in VSMCs or Thy 1 (−) rat lung fibroblasts significantly inhibits the ability of TGF-β to stimulate ECM, consistent with observations that mice heterozygous for CRT were protected from fibrosis (Prakoura et al. 2013) . Although moderate downregulation of CRT in VSMCs or Thy-1 (−) rat lung fibroblasts impaired TGF-β stimulated ECM, reduced CRT expression in Lfibroblasts had little to no impact on TGF-β stimulated ECM (Zimmerman et al. 2013 ). This indicates that sensitivity to CRT regulated ECM production might vary with cell type. Similarly, Greives et al. observed differences in sensitivity to exogenous CRT between fibroblasts derived from diabetic and non-diabetic mice (Greives et al. 2012) . The underlying reasons for differential cellular responsiveness to CRT remain to be determined.
Data clearly show that topical application of recombinant CRT to wounds accelerates scarless wound healing (Greives et al. 2012; Nanney et al. 2008) . Given the pro-fibrotic effects of CRT regulation of cellular signaling from the ER compartment, the observation that topical application of CRT promoted non-fibrotic ECM was unexpected. The mechanisms underlying these different effects of CRT on ECM remodeling are not clear. It is possible that topical CRT is acting primarily through the TGF-β3 isoform, which is known to have antifibrotic effects rather than through enhancing pro-fibrotic TGF-β1 signaling (Karamichos et al. 2014; Nanney et al. 2008) . Alternately, exogenous CRT might be promoting scarless healing by stimulating clearance of apoptotic cells to reduce inflammation (Gardai et al. 2005; Gold et al. 2006) . Also of note is the fact that in our studies with CRT-deficient MEFS, cells were only exposed to exogenous CRT and presumably still lacked intracellular/ER CRT, whereas in the wound healing studies, animals did not have any genetic calr deficiencies (Leslie I. Gold, New York University School of Medicine, personal communication) (Greives et al. 2012; Nanney et al. 2008; Van Duyn Graham et al. 2010) .
Taken together, this review highlights the important role CRT plays in ER stress-induced fibrosis. Due to its impact on multiple processes in the pathogenesis of fibrosis, targeting CRT could be an effective therapeutic approach for preventing the morbidity and mortality associated with fibrotic diseases. Given the varied and important functions of CRT, however, it will be important to find targeted therapeutic strategies to attenuate CRT's pro-fibrotic actions. One example might be to target its downstream effectors such as NFAT. In fact, an NFAT inhibitor has been used in animal models of diabetic nephropathy . Further studies aimed at more completely understanding the mechanisms by which CRT mediates ER stress-induced fibrosis will be crucial for identification of targeted approaches to attenuate the profibrotic effects of CRT.
